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MAGNESIA REFRACTORIES PRODUCED FROM CHEMICALLY MODIFIED
PERICLASE GRAINS AND Mg(OH), SLURRIES

By James P. Bennett' and Timothy A. Clancy 2

ABSTRACT

Based on previous Bureau of Mines research indicating that improved
high-temperature properties could be achieved for periclase refractor-
ies through chemical additions, the Bureau investigated the properties
of full-size bricks produced from chemically modified periclase refrac-
tory grains and the suitability of making such chemical additions to
Mg(OH), slurries prior to production of the periclase grains. In
full-size brick testing, strength values, both hot and cold, for the
optimized bricks were superior to those for a commercial 98-wt-pct-MgO
refractory. The best results were obtained for a natural magnesite
with an adjusted Ca0:5i0, (C:S) ratio of 3.0 and a 1l.0-wt-pct addi-
tion of ZrO, and for a seawater periclase with an adjusted C:S ratio
of 2.5 and a 0.5-wt-pct addition of MnO,. For samples produced from
chemically modified Mg(OH), slurries, additions of both MnO, and ZrO,
and an increase in C:S ratios produced significant increases in hot
flexural strength, similar to those resulting from chemical additions
made to periclase grains. The most effective modifications were addi-
tions of MnO, to brine-derived periclases having a C:S ratio adjusted
to 3.0. These results on chemically modified magnesia refractories in-
dicate that such material could potentially substitute for magnesia-
chrome refractories containing imported chromite,

Tceramic engineer,
2Supervisory ceramic engineer.
Tuscaloosa Research Center, Bureau of Mines, University, AL.



INTRODUCTION

Improving the performance of refractor-
ies produced from domestic magnesia raw
materials would reduce the Nation's de-
pendence upon imported refractory raw ma-
terials such as chromite.

Refractory-grade periclase grains used
to make commercial magnesia refractories
are primarily obtained from seawater or
well brines by precipitating magnesium
hydroxide [Mg(OH),] from a salt solution,
filtering the hydroxide to form a cake,
calcining the cake to yield MgO powder,
and compacting and high-firing MgO bri-
quettes made from these powders 1n a
rotary or shaft kiln. Previous work
both within and outside the Bureau of
Mines (1-4)3 has shown that the high-
temperatﬁfg strength properties of re-
fractories made from periclase grains are
related to the Ca0:5Si0, (C:S) ratio and
the B,03 content of the grain. Gilpin
and Spencer (1) and Jackson and Laming
(2) showed that a C:S ratio of at least
2.0 was necessary 1in order to maximize
high-temperature strengths. 1In addition,
Gilpin and Spencer reported that B,05
contents over (0.1 wt pct were detrimental
to high-temperature strengths,

RAW MATERIALS AND
PERICLASE GRAIN STUDY

of the periclase
full-size bricks

The chemical analyses
raw materials wused for

3Underlined numbers in parentheses re-
fer to items in the list of references at
the end of this report,

Previous Bureau work (3-4) showed that
there was an optimum C:S ratio for spe-—
cific periclase grains of different ori-
gins and compositions. This work also
indicated that Improvements in the high-
temperature strength of the refractories
could be obtained by selective addition
of zirconium oxide (Zr0,). Adjustments
to the C:S ratio and addition of ZrO,
were made to several types of dead-burned
periclase grains crushed to minus 200
mesh. These modified powders were then
formed into test bars and their high-
temperature strengths measured.

This report presents the results of two
studies. In the first, the refractory
properties of full-size bricks made from
modified periclase grains as described
second

above were determined. In the
phase, the modification of periclase
grains by chemical additions to Mg(OH),

filter cakes was investigated, since this
was a more practical technique than using
the already fired grain material.

SAMPLE PREPARATION

were reported previously (4) and are
shown in table 1. Two of the periclase
materials were produced from seawater,

two from brines, and one from a natural
magnesite. Reagent-grade oxide powders
(minus 200 mesh 1in size) of MnO,, Zr0,,
Ca0, and Si0, were used as additives to
produce the optimized grains.

TABLE 1. - Partial chemical analyses of periclase raw materials,

weight percent

Sample No. and source... | B-1, B-2, M-1, natural S-1, S-2,
brine | brine magnesite seawater | seawater

MgO:ceeecescaosncsnonaes | 95.3 95.9 93.5 97.4 93.9

Ca0ceceovsnvasacnconsnasn .61 2.30 3.30 .89 .96
S100ccsossoscscncsccacsns .64 .56 1.30 .60 1.80
F8203n..--¢-o-.'o-ao--.. .61 .40 .64 .46 .68
Al70zceecenacccccsonsens .20 .13 A4 .12 W41
ByOzeoerveasascnosascnns .11 .02 .02 .05 «13
C:5S ratioeescecsoscsessone .95 4.11 2.54 1.48 .53




TABLE 2. -~ Additives and screen analysis of crushed optimized

periclase grains

Sample No., and source...| B-1, B-2, M-1, -1, S-2,
brine| brine | magnesite | seawater | seawater
C:8 780100 escosscsnanoss 2.5 3.0 3.0 2.5 3.0
MO .eooseaneee oWt peta, 0 0 0 0.5 0
Z¥0pesvesssonsasWh peta. | 2.0 1.0 1.0 0 0
Screen analysis, pct:
Plus 4 meshesessosssae 0 | Trace Trace Trace Trace
Plus 10 mesheceeesoasa 21 23 28 23 21
Minus 10 plus 28 mesh. 31 28 28 31 29
Minus 28 plus 65 mesh. 13 13 12 13 15
Minus 65 mesheesssesse 35 36 32 33 35
Minus 150 mesShesssnses 29 29 26 27 27
TABLE 3. - Properties of manufactured bricks
Sample'...eivivieveenanas | B-l B~2 | M-1 S-1 5-2
Density, g/cm’:
GreeN.sssosesrsescncanse 2.66 2.581 2.63 2.52 2.58
Driedesscsscncsosnnacnca 2.68 | 2.58 2.63 2.53 2.60
Firedssssosacsansonsaos 2,75 2,63 2.71 2.56 2.66
Firing shrinkage (fired
basis).eseescesasssospPCle, | =0.02 ]| -0.01| -0.01] -0.01 | -0.01

lEach entry is average of 5 t

Large quantities of optimized periclase
material (250-1b batches) were prepared
by combining the periclase (85 pct minus
200 mesh) with additives as shown 1n ta-
ble 2. The material was dry mixed for 1
h and pressed at 3,000 psi into 1~ by 2~
by 5~in bars. These bars were fired at
1,750° C with a 4-h hold in a gas-fired
furnace., The fired bars were broken up
in a jaw crusher to provide selected
grain~size distribution for brick batches
as shown in table 2,

A commercial vendor formed and fired
full-size bricks from the optimized peri-
clase grains, wusing the following proce-
dures: The as-received batches were dry
mixed for 1 min in a large muller mixer,
a magnesium sulfate-water solution was
added while mixing, and mixing continued
for an additional 3 min. Bricks, 9- by
3~1/2~ by 2-1/2-in, were formed on a lab-
oratory hydraulic press at 15,000 psi.
The bricks were air—-dried at least 8 h
and then diied at 180° C for at least 24
h. The bricks were fired at 1,730° C for
10 h.

ests.

Test data

obtalned during manufacture

of the bricks are given in table 3.

Mg (OH), SLURRY STUDY

Mg(OH), derived from two different do-

mestic sources,

brine

used, The chemical
slurry after being cdlcined at 950° C for
2 h 1s listed in table 4.

TABLE 4.,

and seawater, was

analysls of each

~ Partial chemical
analyses of calcined Mg(OH),
slurries, welight percent

Oxide

MEO! civennneens | 98

Caann.non.n..n
810200v000100-0
Fe203..........

&203--.-.....-
B203t‘|.'.lll..

Brine Seawater
62 98.13
.51 .91
+35 .51
.25 26
<24 .10
.035 .097

"By difference.

Reagent—-grade oxide
made to the
amounts listed

Mg (OH),
in tabl

additions were
slurries in the
e 5. Additions of



TABLE 5. — Chemical additions to MgO materials

Sample | Oxide additions, wt pct | Ca0:5i0, Sample | Oxide additions, wt pct | Ca0:5i0,
Ca0 [ MnO, I Zr0, ratio Ca0 [ Mnozi[ Zr0, ratio
BRINE Mg(OH), SEAWATER Mg(OH),
B-Al.. 0 0 0 1.5 S-Al.. 0 0 0 1.8
B-A2.. .37 0 0 2.5 S-A2.. .36 0 0 2.5
B-A3.. .54 0 0 3.0 S-A3.. .62 0 0 3.0
B-Ml.. .54 .54 0 3.0 S-Ml.. .61 .54 0 3.0
B-M2.. «53 1.07 0 3.0 S-M2.. .61 1.07 0 3.0
B-M3.. «33 2.13 0 3.0 S-M3.. .60 2.12 0 3,0
B=Z1:. .52 0 3.00 3.0 S-Z1.. .60 0 2.98 3.0
B-2Z2.. .51 0 5.87 3.0 S—Z2.s s .58 0 5.84 3.0
B-Z3.. .50 0 8.64 3.0 S-Z3.. .56 0 8.59 3.0
Ca0, MnO,, and Zr0O, powders (minus 200 water of hydration. The MgO was then
mesh in size) were made based on results briquetted at 7,000 psi into 1-7/8- by
obtained in an earlier study on the 1- by 0.3-in bars and fired to a dense
influence of selected additives on Mg0O grain at 1,700° C for 4 h in a gas

the high-temperature strength of MgO

refractories (4).

Additions were made to the brine or
seawater Mg(OH), slurries using a paddle-
blade-type mixer. Samples were mixed for
10 min, dried at. 120° C for 48 h, and
calcined at 950° C for 2 h to remove

furnace. The fired MgO0 grains were then
crushed to minus 20 mesh and mixed with
4.8 wt pet of a water solution containing
a 10-wt-pct organic binder. Bars 1.75-
by 3.5- by 0.5-in were then pressed to
7,000 psi, dried at 1Z0° C for 24 h, and
fired at 1,700° C for 4 h.

TEST PROCEDURES

PERICLASE GRAIN STUDY

Room-temperature modulus of rupture
(MOR) and cold crushing strengths were
determined on the fired full-size bricks
per American Society for Testing and Ma-
terials (ASTM) standard Cl133-72. Hot MOR
was determined according to ASTM C704-
76a, slag attack according to ASTM C874-
77, and hot load according to ASTM Cl6-
77. Two slag tests were run, one using a
basic oxygen furnace (BOF) type slag and
one using a glass composition slag. The
first was primarily a Ca0-Fe0-S5i0, melt,
and the second was primarily a Na,0-CaO-
Si0; melt. Thermal shock resistance was
determined following a method developed
at the Bethlehem Steel Co. research labo-
ratory. Brick samples cut to 1.0- by
1.0- by 2.5-in dimensions were subjected
to five cycles of heating at 1,200° C,
held for 10 min at temperature, and re-
moved and cooled in air for 10 min before

initiated. Following
the completion of the fifth cycle, the
room temperature MOR of the samples was
determined. The thermal shock resistance
was reported as the percentage of loss in
MOR compared with values obtained on sam-
ples before thermal shock treatment.

another cycle was

Samples of each brick were analyzed by
X-ray diffraction for mineralogical com—
position. Polished section samples were
submitted to the Bureau's Albany (OR) Re—
search Center for microstructural charac-

terization by scanning electron micro-
scopy (SEM).
Mg(OH), SLURRY STUDY
Fired dimensions and sample weights
were measured on the test bars and used
to calculate fired bulk density and fir-
ing shrinkage. The bars were cut into

0.5- by 0.5- by 3.5-in samples for hot



(1,500° C) and cold (25° C) MOR measure-—
ments. Five samples of each composition
were tested at each temperature. Samples

were examined for mineral phases present
using X-ray diffraction analysis and for
microstructure using SEM.

RESULTS AND DISCUSSION

PERICLASE GRAIN STUDY

The chemical analyses of the periclase
starting materials indicated C:S ratios
ranging from 0.53 to 4.11. Minor amounts
of Fe,04 and Al,05 also were present.
Two of the starting materials, B-1 and
S-2, had B,0s contents exceeding a level
(0.1 wt pct) earlier found to be detri-—
mental to hot MOR of refractory-grade
magnesia (4).

The physical properties of the opti-
mized full-size MgO bricks are compared
with properties of commercial refractor-
ies in table 6. The fired bulk densities
of the optimized bricks were 0.1 to 0.3
g/cm® lower than the density of a normal
98-wt-pct-Mg0O commercial refractory (3.1
g/cm®). This difference probably results
from lower grain densities produced in
the laboratory compared with grain den-

a commercial brick. However, results of
the Bethlehem Steel thermal shock tests
indicated that the optimized brick lost a
greater proportion of flexural strength
owing to thermal shock. All of the opti-
mized bricks demonstrated better abrasion
resistance than that obtained for a 98-
wt-pct-Mg0 commercial brick. Previous
abrasion resistance testing at Tuscaloosa
Research Center of commercial refractor-

ies had shown that abrasion resistance
results coincide with cold crushing
strength data.

High-temperature properties of the op-

timized full-size MgO bricks are compared
with those for commercial refractories in
table 7. All of the 1,300° and 1,500° C
MOR values for the five optimized peri-
clase materials were significantly higher
than the value obtained for a 98-wt-pct-
MgO commercial refractory. The average

sities achievable in commercial peri- hot MOR for the 10 conditions of composi-
clase shaft kiln practice. However, the tion and temperature was 648 psi with an
strength properties of the optimized overall standard deviation of 256.5. All
bricks were superior to those for a 98- five of the optimized periclase materials
wt-pct-MgO0 refractory. These strength  exhibited less hot load deformation at
data were evaluated statistically (5). 1,700° C than that obtained for the 98-
All of the cold crushing strengths and wt-pct-Mg0 commercial refractory. The
four of the five MOR values were signifi- 1,650° C BOF slag resistances of the op-
cantly greater than those determined for timized MgO bricks were similar to that
TABLE 6. — Physical properties of optimized and commercial MgO bricks
Cold crushing MOR at Thermal- Strength Abrasion
Sample strength, psi | 25° C, psi shocked loss, resistance,
MOR, psi pet vol loss, cm?
B=lisssisssasanisvanin *11,2001800 2,420+370 363290 8515 2.6
B-2uteeeneensncensenes | ¥9,5104690 | *3,100+320 | 195*125| 94%5 3.0
o *10,740%620 *3,470£230 728%265 7913 2.7
S—lecswemsssnosonoonss *8,7301940 *3,020180 146%99 95%4 3.2
S=2swsnuneisvevnan naese *9,470iBSO *2,9401540 123%35 96+2 3.2
98-wt-pct-Mg0O commer-
cial refractoryeeeo.. 4,880%£910 2,070+330 | 1,327%£205 36+12 4.0

*Significant difference compared with 98-wt-pct-MgO commercial refractory at 99-pct

confidence level.

NOTE.~-Figures preceded by * are 95-pct standard deviation intervals.



TABLE 7. - High-temperature properties of optimized and commercial MgO bricks

Hot load Slag resistance,
Sample MOR, psi (1,700° C, vol loss, in?
1,300° C[ L,500° C 25 psi) 1,650° C, [ 1,600° C,
deformation, pct | BOF slag glass slag

B-leweeoeononnonaes| “360£134 | *110%15 0 1.80 1.45
B=2euueenaennnneess | ¥800£132 | *690£106 -.03 2,11 .96
M-leeeseeeenoeaseee | ¥930£133 | *810+105 0 2.08 1.64
S-lecssensssssonsss | “T00£25 | *790%£132 +.92 2.20 1.55
S=2uueenanensennnes | 8002205 | *490+179 +.89 2.00 1.78
98-wt—-pct-Mg0O com-—
mercial refractory 120+20 40£10 -.27 1.88 .94

*Significant difference compared with 98-wt-pct-MgO

99-pct confidence level.

commercial refractory at

NOTE,--Figures preceded by * are 95-pct standard deviation intervals.

obtained for the commercial 98-wt-pct MgO

refractory with only one value (that for
B-1) better than for the commercial
bricks.

Comparing high-temperature properties

of the five optimized materials, sample
M-1 (with a C:S of 3.0 and a 1.0-wt-pct-
Zr0, addition) exhibited the highest MOR
values at both 1,300° and 1,500° C and
showed no measurable hot load deforma-
tion. Sample S-1 (with a C:S of 2.5 and
a 0.5-wt-pct-Mn0O, addition) had the sec-—

sample B-1 (with a C:S of 2.5 and a 2.0-
wt-pct-addition of Zr0,).

The results of mineralogical analyses
of the optimized periclase bricks are
shown in table 8. Periclase was the pre-
dominent phase in all five materials.
The as-received materials contained minor
amounts of monticellite (Ca0+*Mg0+Si0,)
and merwinite (3Ca0+Mg0°+25i0,) . Both
samples with additions of Zr0, (M-1 and
B-1) had minor amounts of calcium zirco-
nate (CaZrOs) present. This is a refrac-

ond highest 1,500° C MOR (790 psi versus tory phase with a melting point of
810 psi) and showed a positive change 2,340° C (while the original phases of
under hot load testing. The weakest ma- monticellite and merwinite have melt-
terial both at 1,300° and 1,500° C was ing points of 1,487° C and 1,577° C,
TABLE 8. - Mineralogy of periclase samples
Peri- | Monticellite, Merwinite, o—dicalcium Cubic| Cubic
Sample clase, | Ca0*Mg0+Si0, |3Ca0°Mg0°25i0, | silicate, |CaZrOs|Zr0O, | Mn
MgO 2Ca0-5i0, phase
B=lisssnnsovens Maj Min ND ND ND ND ND
B-1 (optimized) Maj Tr Tr ND Min Min | ND
B=2eeannnmsoesne Maj ND ND Tr ND ND ND
B-2 (optimized) Maj ND ND Min ND ND ND
M=l;ssisinmnvnss Maj ND Min Min ND ND ND
M-1 (optimized) Maj ND ND Min Min ND ND
S=lsnssesnmsnos Maj ND Min ND ND ND ND
S-1 (optimized) Maj ND ND Min ND ND Tr
S=24¢eeeneneeeas | Maj Min ND ND ND ND | ND
S-2 (optimized) Maj ND ND Min ND ND Tr
ND Not detected. Maj Major. Min Minor. Tr Trace.



respectively). All of the optimized
periclases, except B-1, indicated small
amounts of dicalcium silicate (2Ca0
*5105,), with a melting point of
2,130° C. One of the samples (B-1) with
a 2.0-wt-pct addition of Zr0, exhibited a

minor amount of cubic zirconia.

The SEM micrographs indicate the dis-
tribution of the elements added to each
magnesia material. Figure 1 contains mi-
crographs of brine periclase sample B-1,
which had a C:S of 2.5 and a Zr0O, addi-
tion of 2.0 wt pct. The micrographs show
that the individual periclase grains were
rounded, with low internal porosity and a
medium degree of direct grain-to-grain
bonding. Comparing the Mg, Ca, and Si
distribution micrographs, it 1is clear
that the intergrain areas were composed
predominantly of calcium silicate phases.
The Zr distribution micrograph reveals
that a substantial amount of zirconium
was located in these areas, presumably as
calcium zirconate. Additions of zirconi-
um had the effect of reducing the amount
of calcium in solution in MgO. The Al
distribution micrograph indicates that
some of the intergrain areas contained
aluminum as well.

Figure 2 shows micrographs of seawater
periclase sample S-1, which had a C:S of
2.5 and an MnO, addition of 0.5 wt pct.
The periclase grains in this SEM micro-
graph were more angular, with some inter-—
nal porosity. Once again, based upon the
Ca and Si distribution, the intergrain
areas were composed of calcium silicates.
The Mn distribution micrograph indicates
that the manganese was widely dissemi-
nated throughout the periclase grains.
This broad distribution is to be expected
because manganese can be taken into solid
solution in periclase. '

Mg(OH), SLURRY STUDY

Fired bulk density and fired shrinkage
for brine and seawater periclase samples
are given in table 9. Bulk densities for
all samples ranged from 2.37 to 2.63
g/cm® and are lower than values reported

for commercial firing conditions. Brine-
based periclase samples had higher fired
bulk densities than comparable seawater-—
based compositions in eight out. of the
nine sample mixtures. Adjusting the C:S
ratio from 1.5 to 3.0 for brine samples
resulted in a bulk density increase from

2.48 to 2.56 g/cm3. Additions of ZrO0,
also resulted in bulk density increases
for the brine-based periclase samples.

Similar increases 1in bulk density in the
seawater-based samples were observed in
the case of both MnO, and Zr0, additions.

TABLE 9. - Physical properties of
Mg(OH), periclase samples

Fired bulk Firing
Sample density, shrinkage,
g/cm3 pct
BRINE Mg(OH),
B-Al..iceoevoosnsns 2.48 -0.59
B-A2.c.ceeconesens 2.49 -.55
B-A3.ccecessonsne 2.56 -.59
B~Ml.cosoeossanas 2.46 -.54
B-M2:ssseonsnsens 2.58 -.56
B-M3.ceeacosncans 2.52 - .54
B-Zleeeeoosoosons 2.57 -1.10
B-Z2¢eeteenssnnes 2.50 -.92
B-Z3uieeeessccnnee 2.63 -1.14
SEAWATER Mg(OH)2

S—Alcecececsonose 2.41 -0.74
S—A2.cesecssscess 2.37 -.75
S—A3.cetessncenne 2,42 ~.76
S—Ml.ceeooonnonas 2.45 -.90
S—M2i.svccnccnnns 2.45 -1.02
S—M3eceseccccense 2.45 -1.16
S—Z]lceccscssscasns 2.53 -1.16
S—Z2c0iceencccnnss 2.55 -1.09
S=Z3ceessnenanans 2.58 -1.13

The firing shrinkages of seawater sam-
ples were generally higher than those of
the comparable brine—based compositions.

Increasing the C:S ratio for the brine-
and seawater—-based samples did not have
a noticeable effect on firing shrink-

ages., Firing shrinkage was largest in
the case of Zr0, additions to the brine-
and seawater-based samples, while MnO,

additions resulted in shrinkage increases

in only seawater periclase samples.
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FIGURE 1. - SEM micrographs of elemental distributions for full-size brick sample B-1.
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FIGURE 2. - SEM micrographs of elemental distributions for full-size brick sample S-1.



10

MOR strengths measured at room tempera-
ture (25° C) and 1,500° C for brine- and
seawater—based periclase samples are
listed in table 10. All hot MOR strength
values of the brine-based mixes were
greater than those for corresponding sea-
water mixes. The greater hot MOR values
for the brine-based materials can proba-
bly be related to the lower B,0; content
of these samples (approximately one-third
that of the seawater-based samples).
Prior studies have shown that the forma-
tion of low-melting borate phases is par-
ticularly detrimental to high-temperature
strength of periclase materials.

All additives to the brine mixes pro-—
duced a statistically significant in-
crease in hot and cold MOR strength,
except for the cold strength values of
sample B-A3. The 1,500° C MOR strength
values were higher 1in all samples in
which an addition of Zr0, or MnO, or an
increase in C:S ratio was made. An in-
crease in 1,500° C MOR strength was sta-
tistically significant for all seawater

TABLE 10. - MOR of Mg(OH), periclase

samples
Sample | 25°¢Cc ] 1,500° C
BRINE Mg(OH),
N 610320 7630
B=A2ueuueeeenennnes | ¥1,060490 | *450+190
;2 s T P T 860240 | *193+40
B-Mleveeeeeeoonnnns | ¥1,200¢50 | *550%160
B-M2uuseennnnneeanas | ¥1,080290 | *171+30
B-M3.euueennnennnns | ¥1,190£160 | *400%200
B-Zluvusuesoeannenee | ¥1,590t190 | *180%20
B=Z2ueusenneennnnns | ¥1,490£210 | *170%60
B=Z3uuueeeennnnnoess | ¥1,400£360 | *¥190+40
SEAWATER Mg(OH),
=y A 6501240 33%3
GAD gunnmmnnnnsins 540100 | *98+14
S=A3u.ececnosssnens 58060 *78+30
S=Mluuveooesanonnaes 560210 | *71£19
S=M2 . sreronennnnans 510220 | *69+1
S=M34ersonccansnane 770£100 | *77+6
I/ *870+80 *74+9
BB s issnsnsssanss 77030 54+34
S=Z34eesscccssnnanse 760260 | *62*16
*Significant difference compared with
untreated sample data at 99-pct confi-

dence level.

periclase samples with additives, except
S-Z2. Generally, the increase of C:S
ratio to 2.5 or 3.0 produced hot MOR
strength increases equivalent to those in
samples with MnO, and ZrO, additions and
C:S ratios of 3.0.

Mineralogical phase analyses of brine-
and seawater-based periclase samples are
listed in table 11. The phases present
in comparable brine- and seawater-based
compositions were generally the same.
Periclase was the predominant crystalline
phase present in all materials tested.

Adjustment of the C:S ratio in all
periclase samples from 1.5 to 2.5 and 3.0
resulted in the formation of refractory
dicalcium silicate and the disappearance
of monticellite and merwinite. A C:S ra-
tio of at least 2.5 or higher is neces-
sary to form high-melting phases such as
dicalcium silicate instead of the lower
melting compounds, monticellite and mer-
winite. Additions of MnO, at an adjusted
C:S ratio of 3.0 in all periclase sam-
ples resulted in the formation of an un-
identifiable cubic manganese phase and
dicalcium silicate. Analysis of crystal-
line phases in samples containing zirco-
nia additions indicated the presence of
cubic zirconia, calcium zirconate, and
monticellite.

The elimination of the low-melting
crystalline phases such as monticellite
and merwinite and the formation of re-
fractory phases such as dicalcium sili-
cate and calcium zirconate improved the
hot strengths.

SEM examination of fired brine and sea-
water samples indicated thorough mixing
of Ca, Mn, and Zr additives and a higher
porosity in seawater than in brine
grains.

Figure 3 is an SEM micrograph of sample
B-Z22, a brine-based periclase with CaO
and ZrO, additions. Comparison of ele-
mental maps of Mg, Zr, Ca, and Si in the
micrographs indicates individual parti-
cles of unreacted Zr0O, confiimed by X-ray
diffraction analysis. An overlap of Ca
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FIGURE 3. - SEM micrographs of elemental distributions for brine periclase sample B-Z2.
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TABLE 11. - Mineralogy of periclase samples

Periclase,|Monticellite, Merwinite, oa-dicalcium Cubic Cubic
Sample MgO Ca0*Mg0-Si0, |3Ca0-Mg0°-2S5i0, silicate, CaZrOsx Zr0, Mn
2Ca0-510, phase
BRINE Mg(OH),
B-Al.. Maj Tr Tr ND ND ND ND
B-A2.. Maj ND ND Tr ND ND ND
B-A3.. Maj ND ND Tr ND ND ND
B-Ml.. Maj ND Tr Tx: ND ND Tr
B-M2.. Maj ND Tr Tr ND ND Ir
B-M3.. Maj ND Tr Tr ND ND Tr
B-Z1.. Ma j Tr ND ND Min Min ND
B-Z2.. Maj Tr ND ND Tr Min-maj ND
B-73.. Ma j Tr ND ND ND Min-maj ND
SEAWATER Mg (OH),
S-Al.. Maj Tr Tr ND ND ND ND
S-A2.. Maj ND Tr Tr ND ND ND
S—-A3.. Maj ND ND Tr ND ND ND
S-M1.. Maj ND ND Tr ND ND Tr
S-M2.. Maj ND ND Tr ND ND Tr
S-M3.. Maj ND ND Tr ND ND Tr
5=Z1 s Maj Tr ND Tr Tr-min Min ND
S-Z2,. Ma j Tr ND ND ND Min ND
S-Z3.. Maj Tr ND ND ND Min ND
ND Not detected. Maj Major. Min Minor, Tr Trace.
and Zr and of Ca and Si concentrations the Mn, Ca, and Si distributions indi-
reaffirm the presence of calcium zir- cates no Mn segregation. Some segrega-
conate and monticellite phases reported tion of Ca occurs with Si, reaffirming
in table 1l. Pores are also visible the trace quantities of dicalcium sili-
throughout the grain. cate and merwinite reported by X-ray
analysis in table 11. A greater grain

The SEM examination in figure 4 is of porosity 1is noted 1in seawater sample
sample S-M2, a seawater-based periclase S-M2, which was true for all seawater
material with Ca0 and MnO, additions. An  samples.
examination of the micrographs showing

CONCLUSIONS

Based on the results of tests described ratio and/or to additions of Zr0, or
herein, the following conclusions can be MnO,. The optimum additions were found
made: to be different for each particular raw

material.

1. The high-temperature MOR and hot

load properties for the optimized peri- 3. The hot strength improvements re-

clase grain bricks were superior to those
for a commercial 98-wt-pct-MgO0 refrac-
tory. However, the optimized bricks suf-
fered greater losses in strength follow-
ing thermal shock exposure.

in hot strength were
increases in C:S

2. Improvements
attributed both to

sulted from formation of the refractory
phases of dicalcium silicate and calcium
zirconate in place of the lower melting
silicates, monticellite and merwinite.

4. Additions of oxide materials and
C:$S adjustments to Mg(OH), slurry
resulted in physical property changes
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FIGURE 4. - SEM micrographs of elemental distributions for seawater periclase sample S-M2.
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similar to those achieved with additions
to dense fired periclase grain. This in-
dicates that in commercial practice, ad-
justments can be made at the slurry stage
of periclase grain processing.

5. Properties of the improved chemi-
cally modified periclase grains indicated
that they could serve as substitutes for
magnesia-—-chrome products, reducing the
need for imported chromite.
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